Through high-pressure Raman spectroscopy and x-ray diffraction experiments, we have investigated the formation, stability field, and structure of hydrogen iodide (HI). Hydrogen iodide is synthesized by the reaction of molecular hydrogen and iodine at room temperature and at a pressure of 0.2 GPa. Upon compression, HI solidifies into cubic phase I, and we present evidence for the emergence of a phase I above 3.8 GPa. Across the wide temperature regime presented here, HI is unstable under compression (11 GPa at 300 K, 18 GPa at 77 K), decomposing into its constituent elements, after which no further reaction between hydrogen and iodine was observed up to pressures of 60 GPa. This study provides both the constraints on the phase diagram of HI and its kinetic stability.
I. INTRODUCTION
The high-pressure behavior of molecular systems containing the simplest and most abundant element, hydrogen, have been the subject of an intense experimental and theoretical effort, perhaps best exemplified by the presumed insulatorto-metallic transition expected in elemental H 2 [1] [2] [3] [4] . On the other hand, investigations into the pressurization of hydrogenbearing species have received a significant impetus by the recent claim of high-temperature superconductivity in hydrogen sulfide (H 2 S) at unprecedented high temperatures [5] . Hydrogen iodide (HI) has been proposed to exhibit both these phenomena at high pressures and low temperatures, with a claimed insulator-to-metallic transition at 50 GPa [6, 7] . Additionally, compounds of HI-H 2 have been recently predicted to be stable above 50 GPa, with superconducting phases emerging above 100 GPa with a T c 17.5 K [8, 9] . The hydrogen halides HCl, HBr, and HI follow a law of corresponding states and exhibit a similar solid phase sequence at ambient pressure and low temperature. Phase I at high temperatures adopts a cubic structure (F m3m) with halogen atoms forming a fcc lattice with hydrogens either in twelvefold disordered positions or rotating unhindered about these sites [10] [11] [12] . The structure of phase II, existing at intermediate temperatures, remained unresolved until neutron diffraction revealed a structure containing linear chains of twofold disordered H-X · · · H hydrogen bonds [11, 13] . The low-temperature/high-pressure phase III in HCl and HBr adopts a proton-ordered orthorhombic structure (Cmc2 1 ) containing zigzag chains of H-X · · · H hydrogen bonds [11, 14] . Phase III in HI adopts a triclinic structure (P1) with stacked layers of hydrogen-bonded squares [11] . This difference is due to changes in the relative strengths of the two competing intermolecular interactions: the halogen-halogen bonding, which increases in strength from Cl to I, and the reciprocal decrease in hydrogen bonding strength [15] . * ross.howie@hpstar.ac.cn An additional phase I exists for HBr but not for HCl, HI, or DBr. This phase is characterized by slight changes in the Raman spectra with neutron diffraction showing a transition from a spherical hydrogen scattering density in phase I to a toroidal distribution oriented about the 111 cubic axes [12, 16] .
The instability of HI, which readily dissociates into I 2 and H 2 with laser or x-ray overexposure, has hindered experimental studies at high pressures. Currently there are no high-pressure studies at room temperature, nor any x-ray structural characterization at any temperature. The stability field of the compound at high pressure has been assumed and extrapolated based on the limited low-pressure, low-temperature data and the behavior of the other hydrogen halides, HCl and HBr [7, 17] .
Here we present high-pressure Raman spectroscopy and x-ray diffraction experiments exploring the formation, stability field, and structures of hydrogen iodide (HI). In addition to the three known solid configurations of HI, we present evidence for a phase I at room temperature, structurally similar to cubic phase I, but differing in hydrogen atom distribution about the iodine atoms. A series of isothermal compressions between 300 K provide constraints on the phase diagram of HI and we find that at high pressures HI is unstable with respect to dissociation into its constituent elements thus ruling out the earlier claims of pressure-induced metallization of HI.
II. METHODS
Samples of HI were synthesized in diamond-anvil cells by the direct reaction between solid I 2 and fluid H 2 . Diamond anvils with 150 -250 μm culets were used for experiments, giving sample chamber diameters of between 75-100 μm. Various concentrations of I 2 were loaded in an Ar-atmosphere glove box, with a small chip of ruby or gold as a pressure calibrant [20, 21] . High-purity (99.9%) H 2 was subsequently gas loaded at 0.2 GPa. Reaction of H 2 and I 2 to produce HI occurs spontaneously with time at this low pressure, or can be accelerated by irradiation with up to 200 mW of 532 nm laser light. Samples were left for 24 h to equilibrate resulting in a mixture of two fluids exhibiting clear phase separation. This process is only possible below 1 GPa, with the mixture remaining as I 2 and H 2 above this. Additionally, there would be no reformation if HI is dissociated through x-ray or laser overexposure. By careful control of the H 2 : I 2 ratio, we were able to produce samples that were completely transformed to HI. Raman spectroscopy was used to test the purity of the prepared sample, showing trace amounts of both the constituent elements. Trace amounts of I 2 and H 2 , were also observed in previous studies where high purity HI was loaded directly [6, 17] .
Raman spectroscopy measurements were made using a custom-built microfocused Raman system. The laser power of the system was kept below 3 mW to prevent back transformation of the HI sample to I 2 and H 2 and laser exposure minimized to 0.2 s. We have found that above 1-2 GPa, photodissociation of I 2 is not possible with 200 mW of 532 nm laser light. X-ray diffraction data were collected at beam lines BL10XU, SPring-8, Japan and P02.2 ECB, PETRA, Germany [22, 23] . Angle-dispersive x-ray diffraction patterns were recorded on PerkinElmer XRD1621 and Marr345 image-plate detectors with microfocused synchrotron radiation sources with energies in the range 30-43 keV. Two-dimensional image-plate data were integrated with DIOPTAS [24] to yield intensity vs 2θ plots. Patterns were indexed with DICVOL06 [25] , Le Bail [26] , and Rietveld [27] refinements were carried out in JANA2006 [28] .
Exposure of HI to synchrotron x-ray radiation forms I 2 , which contaminates the resulting diffraction pattern with numerous peaks and requires acquiring data from a new sample and/or sample position at each pressure point. Typically HI crystallizes into large single-crystal domains within the sample chamber allowing diffraction spots from HI to be easily distinguished from the powder diffraction lines due to I 2 .
III. RESULTS
The pressure-temperature phase and kinetic diagram between temperatures of 300 K and 77 K is shown in Fig. 1 [7] . Dark gray shaded area indicates the pressure regime of decomposition halides are due to the intramolecular H-X bond. The vibrational modes soften in the solid phase and at high pressures when intermolecular distances reduce and the strength of intermolecular interactions increases. At room temperature, the liquid phase is characterized by one symmetric vibrational mode at approximately 2110 cm −1 . On solidification to phase I, there is a significant broadening and softening of the mode (see Figs. 2 and 3) . Despite numerous overlapping peaks, crystallization into phase I (F m3m) was confirmed by x-ray diffraction measurements (Fig. 4) .
Above pressures of 3.8 GPa at 300 K, the vibrational mode of HI shows a clear splitting into two modes, separated by 20 cm −1 . This same splitting was observed in HBr at pressures above 2.4 GPa at 295 K and interpreted to be a transition to a phase I [12, 16] . In HBr this transition is due to a rearrangement of the H-atom distribution with no change to the underlying fcc bromine-atom lattice of phase I, with associated symmetry change to P a3. Due to the weak x-ray scattering of H we cannot distinguish the two phases on the basis of x-ray diffraction alone. However, based on the close resemblance of the Raman spectra we propose a similar structure for HI phase I (Fig. 4) . Interestingly, phase I is not seen in either DBr or HCl, suggesting that this phase is only observed in the heavier hydrogen halides.
On compression above 3.8 GPa, the asymmetry of the phase I vibrational band increases and there is significant broadening of both modes. The frequencies of the vibrational [18] and H 2 [19] . Inset: In phase I, hydrogen atoms freely rotate about iodine atoms (purple) represented by a shell model (white), phase I exhibits a toroidal distribution of disordered hydrogen atom positions oriented along the 111 cubic axes.
band decrease rapidly with pressure at a rate of −30 cm −1 /GPa and extrapolating the frequencies would give a pressure of 69 GPa when the frequencies would reach zero (see Figs. 2  and 3) . However, the intensity of the band starts to decrease above 6 GPa and by 11 GPa the HI vibrational mode disappears completely. This, together with the increase in intensity of the Raman modes of the constituent elements H 2 and I 2 , and sample darkening, are clear indicators of sample dissociation. This was confirmed by x-ray diffraction patterns from samples precompressed to above 11 GPa, which showed peaks due only to I 2 . Once dissociation has taken place the sample remains as I 2 and H 2 , with no indication of further reaction in both Raman spectroscopy and x-ray diffraction measurements. On decompression after dissociation, there is no reformation of HI.
Each of the solid phases of HI at low temperature can be characterized by distinct vibrational Raman spectra, which can be correlated to the ambient pressure neutron diffraction data [11, 29] : phase I, a symmetric broad stretching mode; phase I , a broad asymmetric doublet with separation of 20 cm −1 ; phase II, two broad overlapping modes with near equal intensity and separation of approximately 65 cm −1 ; and phase III, two sharp and distinct stretching modes (see right panel of Fig. 2) . On isobaric cooling cycles we see that the phase I(I )-II-III transition sequence is completely reversible. On entering phase II from phase I or I , the vibrational mode abruptly splits into two equally intense overlapping modes with separation of approximately 80 cm −1 . Phase II is stable over a small P-T regime, much like the other hydrogen halide HBr [16] .
The gradual change in appearance of the vibrational modes of phase II with pressure/temperature results in some ambiguity as to at which temperatures the phase II to III transition occurs. The doublet separation gradually gets larger, each mode decreases in width, and the lower frequency mode surpasses the intensity of the higher frequency mode (see Fig. 2 ). On compression of phase III at 77 K, we see the similar behavior observed with the vibrational modes at room temperature: rapid softening, a fourfold increase in width, and by 17 GPa, a 95% reduction in intensity of the HI vibrons compared to 5 GPa. In phase III each vibrational mode shifts at a different rate, −26 cm −1 /GPa and −42 cm −1 /GPa. HI is slightly more stable at low temperature, with dissociation occurring above 18 GPa.
IV. DISCUSSION AND CONCLUSIONS
Despite the sensitivity to decomposition it was previously assumed that HI would remain stable up to very high pressures and enter a metallic state at low temperature [6, 7] . Metallization was initially inferred by the extrapolation of absorption measurements conducted at pressures below 25.5 GPa, i.e., below the conditions at which we report dissociation. Subsequent electrical conductivity measurements carried out on a single sample show sharp drops in resistivity at 42 and 51 GPa. These drops are interpreted as a molecular-insulator to molecular-conductor transition followed by transition to a metallic state. Other conductivity measurements presented in Ref. [6] clearly correspond to the metallization of I 2 occurring at 16 GPa [30, 31] . Both diagnostic techniques used in these early studies do not probe either the crystal structure or molecular behavior at high pressures, meaning that dissociation-a simpler explanation of the experimental results-was overlooked. Our combined x-ray diffraction and Raman spectroscopy measurements demonstrate that (metallic) HI cannot be present at the corresponding temperatures and pressures reported in Refs. [6, 7] . The dissociation pressures of the hydrogen halides decrease down the period (HBr has been shown to dissociate at pressures above 42 GPa and HCl shown to be stable to at least 50 GPa), it can therefore be expected that the heavier hydrogen halide would dissociate at a much lower pressure [32] .
At pressures close to ambient, the volume of HI (Fig. 4,  bottom panel) is approximately equal to the combined volumes of H 2 and I 2 . However, the high compressibility of hydrogen leads to an increasing difference between these volumes at higher pressure, whereby the experimental determined value is greater than the calculated value up to 9 GPa at 300 K. This implies that HI is unstable with respect to its constituent elements. Having the longest bond (1.60Å vs 1.43Å in DBr and 1.28Å in DCl) HI is the least stable among these compounds. It appears that the decomposition of HI upon compression is not due to the intrinsic elastic or dynamical instability, e.g., HBr and HCl are stable to much higher pressures. An intrinsic stability limit is defined by the decrease in HI bonding strength therefore preventing the formation of phases with stoichiometry other than 1 : 1. This observation raises an interesting question about the predicted superconducting phases of the hydrogen iodide compounds with stoichiometry other than 1 : 1. H 2 I and H 4 I are both suggested to be superconducting at pressures of 100 GPa but are unlikely to be stable with respect to decomposition to their constituent elements at such conditions [8, 9] . This may also hold true for the superconducting phases of HCl and HBr predicted at pressures of 280 GPa and 160 GPa, respectively [33] . At pressures up to 60 GPa and at temperatures of 80 K and 300 K, we observed no further reaction between H 2 and I 2 , suggesting that much higher pressures and most probably high temperature to overcome the kinetic barrier would be required to promote formation of any the theoretically predicted H 2 -I 2 compounds [8, 9] .
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